Abstract. The Argonne National Laboratory Physics Division is in the final stages of a major upgrade to the Argonne Tandem Linear Accelerator System national user facility, referred to as the intensity upgrade. The intensity upgrade project will substantially increase beam currents for experimenters working with the existing ATLAS stable and in-flight rare isotope beams and for the neutron-rich beams from the Californium Rare Isotope Breeder Upgrade. This project includes the replacement of three existing cryomodules, containing 18 superconducting accelerator cavities and 9 superconducting solenoids, with a single cryomodule with seven SC 72.75 MHz accelerator cavities optimized for ion velocities of 7.7% the speed of light and 4 SC solenoids all operating at 4.5 K. This presentation will report: how we minimized the heat load into the 4 K and 80 K coolant streams feeding the cryomodule, a comparison of the calculated and measured static heat loads at 80 K and the mechanical design of the vacuum vessel.
INTRODUCTION
The Argonne Tandem Linear Accelerator System (ATLAS) is a national user facility supported by the U.S. Department of Energy Office of Nuclear Physics. ATLAS has been in operation since the late 1970s providing beams for several hundred experimenters each year with >90% availability [1] . ATLAS is currently undergoing an intensity upgrade which will increase the transmission efficiency up-to 10x for accelerated beams [2] . This intensity upgrade is motivated by experimental needs which require higher-currents for both stable and exotic beams to isolate and investigate previously unstudied uncommon-isotopes.
A key phase of the ATLAS intensity upgrade is the removal of 3 superconducting cavity cryomodules, two of which have been in operation since 1978 [3] , which house 18 superconducting accelerator resonators and 9 superconducting focusing solenoids. These devices will be replaced by a single new-cryomodule, the intensity upgrade cryomodule, with 7 superconducting 72.75 MHz quarter-wave cavities optimized for ion velocities of 7.7% the speed of light and 4 superconducting solenoids all operating at 4.5 K.
The intensity upgrade cryomodule is a modified version of our previous box-type cryomodule which has been in operation since 2009 [4] . Argonne box cryomodules implement current state-of-the-art techniques such as separate cavity and insulating vacuum systems, surface processing and clean handling to achieve record single-cavity test performance [5] , and a design which enables the clean assembly to be complete and hermetically sealed prior to installing the "dirty" subsystems of the cryomodule [4, 6] . The next section of this paper will update the status of this work. The remainder of the paper will then highlight select aspects of the design and performance for the intensity upgrade cryomodule: (1) the mechanical design of the cryomodule developed to comply with the DOE Vacuum Vessel Consensus guides and, indirectly, the American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code (BPVC) Section VIII Division 2 [7] and (2) the improved thermal isolation of the cryogenic components and measurements demonstrating this performance.
CRYOMODULE
The intensity upgrade cryomodule will nominally provide 17.5 MV of accelerating potential for ions traveling at 7.7% the speed of light with a 5.2 meter long cavity string (see Figure 1) . The planned cavity operating voltage of 2.5 MV per cavity is roughly twice that of any cavity operating in this ion velocity regime. The overall design is an evolution of the top-loaded box cryomodule used successfully for an energy upgrade of ATLAS. The cavity subsystems have been discussed elsewhere [6, 8] , here we review the components and assembly progress.
The intensity upgrade cryomodule is assembled in stages. First, the low-particulate clean assembly of the cavities, RF power couplers, RF pick-up probes, solenoids, beam-line gate valves, vacuum manifold and support structure is carried out in a Class 100 clean room (Figure 1, Top) . This assembly is hermetically sealed and removed from the clean room. This separates the "clean" beam-line vacuum system assembly from the "dirty" portions of the cryomodule assembly work, preserving, to the best of our ability, the cavity performance. Once out of the clean room the helium distribution manifold is installed and the assembly is hung from the lid of the cryomodule. Once hung, the remainder of the cryomodule subsystems are installed such as the slow tuners, instrumentation, alignment targets, solenoid gas purged leads and thermal intercepts (Figure 1, middle) . The complete lid assembly is then lowered into the lower vacuum vessel (Figure 1 , bottom) completing the cryomodule.
Vacuum Vessel Mechanical Design
The intensity upgrade cryomodule vacuum vessel design balances the cost with the need to minimize the size and weight while complying with the safety requirements enacted by the U.S. Department of Energy and implemented at Argonne [9] . The vacuum vessel contains two cryogenic coolant streams: one 4.5 K 40 psia liquid helium for the superconducting cavities and solenoids and one 77 K 50 psia liquid nitrogen for thermal insulation. The manifolds and reservoirs these coolant streams occupy are all designed to comply with ASME B31.3, the process piping standard [10] , and the ASME BPVC. Each system has a rupture disk sized for the Maximum Allowable Working Pressure (MAWP) plumbed in parallel with a pressure relief valve, which vent 1-2 psi below the MAWP. The safety reliefs are all located outside of the cryomodule and vent to atmosphere. This allows us to define the cryomodule box as a vacuum vessel since it is not part of any pressure system boundary.
Part way through the fabrication of this vessel it was noted that the side gussets on the lower vacuum vessel were not being made to print nor did the vessel continue to satisfy our evolving understanding of safety. One of the changes to the vessel resulting from this was the addition of bolted angle brackets to all of the gussets on the sides of the lower vacuum vessel. The other changes were the addition of doubler plates and L-shaped corner gussets to distribute the loads being applied to the skip welds where the side walls join the end walls of the box, bottom gusset T-plates, and slots in the center-most gussets.
Our safety requirements state that an equivalent level of safety must be demonstrated relative to the ASME BPVC. To accomplish this in the design we followed the requirements of the 2010 release of the ASME BPVC Section VIII Division 2, even though the code explicitly excludes devices with static pressure gradients less than 15 psi. Part 5 of this BPVC division integrates the latest technologies in computer based finite element analysis and pressure vessel design and was used here. This analysis method allowed for relatively rapid evaluation of the complex vacuum vessel design which resulted in significant time-savings relative to traditional hand-based calculations. The ASME BPVC Section VIII Division 2 gives the required procedures and defines the allowable material properties (yield and ultimate strengths, see Table 1 ), strain limits, buckling load factors and collapse criteria. These analysis procedures, when combined with the ASME fabrication and inspection requirements, protect against failure modes of the device: plastic collapse, local failure, buckling and cyclic loading. These procedures may only be used if the allowable stress, at the design temperature (293 K in this case), is governed by time-independent properties unless the specific design procedure allows it. We performed our analysis following these requirements and the results are reviewed here.
The vacuum vessel is evacuated to <1e-6 Torr and a static pressure gradient of ~14.7 psi will exist in operation and we use 15 psi as the MAWP for all analyses. Here the stresses were calculated, classified into categories and limited to allowable values that have been conservatively established such that failure is not predicted. All simulations presented here were done with ANSYS [11] and used a model with two symmetry planes. The assembly was restrained by placing constraints equivalent to the kinematic mounting system designed for the vessel. The model analyzed was also loaded with the weight of all elements and appurtenances. Several analyses are presented here using elastic material models. The first is a linear static structural analysis that predicts the material stresses and deflections while the second is a linear eigenvalue buckling analysis which predicts a load factor with respect to buckling. Figure 2 shows the membrane stresses and Figure 3 shows the bending stresses. Contour levels in these figures have been adjusted such that all stresses over 20 ksi in the membrane stress figures and over 30 ksi in the bending stress figures are black. These values represent the allowable limits given in [7] . Most areas display stresses below the allowable for both membrane and bending analyses. Some local high membrane stresses are predicted and fall into three categories:
• Local high stresses occur at the holes for the bolts used to attach the stiffening angle brackets to the sides of each vertical gusset. These stresses are artifacts of the method used to model the bolt attachment but are of some concern. To fix this we welded the bottom of the stiffening angle brackets to the vessel gusset. See Figure 4 for an example.
• Local high membrane stresses occur at the T intersections where the gussets attach to the bottom of the main body. These occur at welds and are due to the singularity that results from application of nodal reactions at the line of intersection. The line has zero area, so the pressure appears infinite. These stresses were analyzed as part of a weld analysis where the nodal reactions are used to calculate shear and traction forces in the weld throat. See Figure 4 for an example.
• Local high membrane stresses appear on the inside corner of the corner gussets. Local high stresses are acceptable if the sum of the local membrane stress plus the bending stress is less than the yield strength of the material, 30 ksi in this case. This condition is satisfied. See Figure 4 for an example.
• Local high stress appears at the bottom of the slots cut in some of the side ribs (Figure 4) . The peak membrane stress is 63 ksi. This value is based on a linear elastic material model. When evaluated with an elastic perfectly-plastic material model Glinka's methods can be used [12] . This method takes the strain energy density, which is the area under the stress strain curve for a linear elastic material and equates it to the area under the curve for an elastic perfectly plastic material. If the resulting elastic perfectly-plastic material model stain is under the yield strain at 0.2%, then the material has not yielded. Our results satisfy Glinka's criteria. The ASME BPVC requires that at each point in the component the sum of the primary membrane and the principle bending stresses shall not exceed 4 times the allowable stress or 80 ksi for 304 stainless steel. This was trivially satisfied in this analysis at all locations except those listed above. For the reasons given our structure passes this analysis requirement.
Protection against collapse from buckling must also be demonstrated for a vessel with a compressive stress field under the design loads. A bifurcation buckling analysis was performed using an elastic stress analysis without geometric nonlinearities in the solution to determine the pre-stress in the vessel. The acceptance criterion is that the buckling load factor be greater than 2/β cr where β cr is the capacity reduction factor given in the ASME BPVC [7] . Since the vessel contains ring stiffened cylinders under external pressure, β cr = 0.80 and the minimum required buckling load factor is 2.5. Figure 5 shows the first two buckling modes of this vessel. These modes have load factors of 15.00 and 16.14 respectively, well in excess of the minimum requirement of 2.5 predicting that the device will not buckling under the applied loads.
Finally, the ASME BPVC requires that the vessel will not fail under cyclic loading. The cyclic loading analysis requires two evaluations: one to protect against cycle fatigue and another to protect against ratcheting. The evaluation for cycle fatigue is not required if the total number of cycles is low as defined in the code. We expect to have only 80-100 full and partial loading cycles over the lifetime of the vacuum vessel, which does not come close to the cycle requirement of <1,000 set forth in the code. Because of this we determined that we satisfied the cycle fatigue loading requirements. A ratcheting analysis evaluates the performance of the device if the material stresses exceed yield. This is not the case in our vessel where all of the stresses are below yield, and no ratcheting analysis was done. 
Engineering Cooldown Results
A partial assembly of the cryomodule was cooled to 80 K. This assembly consisted of the lid with the titanium rail system inserted into the lower vacuum vessel. During this cooldown we were able to quantitatively measure the thermal load on the lid and vessel thermal shields, the heat leak through the hangers connecting the titanium rail system from the lid, and the cooldown rate of the various components in the assembly. Figure 6 shows the cooldown data from silicon diode thermometers attached to the lid and to the box heat shield and the cooldown data from the titanium strong-back. These shields were cooled with liquid nitrogen input into the lid. The output from the lid was split with one leg going to the box heat shield and the second leg going to a phase FIGURE 6. (Left) Cooldown data for the lid and box radiation heat shields. Liquid nitrogen was supplied to the lid and then to cooling the box. (Right) Cooldown data for the titanium strong-back. This cooldown took a long time, ~5 days, due to the poor thermal conductivity of grade 2 titanium and the small number of heat sinks installed.
separator. An output from the phase separator was used to cool the titanium strong-back. There were three places nitrogen gas was vented: the output from the box, the output from the titanium strong-back, and the gas from the phase separator. The output flow settings started at 230 SCFH for the box and 30 SCFH out of both the phase separator and the strong-back circuits. The knees in the data are adjustments in the phase separator and strong-back circuit vent. Once the system was cold it required 110 W of liquid nitrogen cooling to maintain the temperature.
It takes 2 days for the cryomodule thermal shields to cool. The titanium strong back takes almost 5 days. The 5 day coolodwn is a result of the heat-exchange between the titanium parts and the tubes with liquid nitrogen flowing through them. Each side of the strong-back has three copper heat sinks bolted to it spaced 80" apart. The thermometry we had was located on the cross members and in between the copper heat sinks. On a second cooldown we placed a thermometer on one of the copper blocks and one on the titanium right next to a copper block. These thermometers cooled to 80 K within a few hours unlike the thermometry located 30-40" away from a heat sink. To improve upon this cooldown time we need to add more heat sinks to the titanium parts to overcome the low thermal conductivity. This will be done in future designs.
Finally, we were able to measure the thermal conductivity of our hangers. Figure 7 shows a hanger with its subcomponents labeled. We mounted thermometry and heaters on the 80 K intercept, the 304 stainless steel turnbuckle nut, the grade 2 titanium rod running from this nut to the cold mass (the bottom of the picture), and on a support rod connected to the strong-back (not shown). By running the heaters and measuring the rate of temperature change of the components were able to set upper limits on the heat leaks through the hanger. We measured a 0.95 W heat leak from room temperature to the 80 K intercept, the calculated value is 0.85 W. We did not cool the cold-mass with liquid helium during this run and could not directly measure the heat leak to 4 K. We did run the heater attached to the bottom of the hanger assembly. After heating for about 5 minutes the thermometers located next to the heater warmed 15 K while no other thermometer measured any temperature change. This compares favorably with our 5 mW heat leak estimate once we have the strong-back at 4 K.
SUMMARY
The ATLAS intensity upgrade cryomodule is an improvement upon previous box designs in terms of safety and cryogenic efficiency. We have kept many of the features which aided previous designs while modifying parts which improve the safety and efficiency of the cryomodule. This cryomodule is expected to be finished and running with beam later this year.
